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Abstract 
The main purpose of this bachelor thesis was to create the overview of the sensors developed 
for the future active flow control applications and overview the sensors already used in the 
active flow control applications. The sensors have to fulfil several requirements, so selection 
for the overview was based on the real flight test programs results, which were described in the 
first part of the thesis. The sensors technology description and operation principles were 
included in the second part of the thesis. 
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Abstrakt 
Hlavným cieľom tejto bakalárskej práce bolo vytvorenie prehľadu vyvíjaných a už 
aplikovaných senzorov pre účely aktívneho riadenia prúdov. Senzory musia splňovať niektoré 
podmienky, preto výber senzorov bol naviazaný na reálnych výsledkoch testovacích 
programov, popis ktorých tvorí prvú časť tejto bakalárskej práce. Opis technológie a princíp 
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1. Introduction 
The conventional airfoils have always being the compromise throughout the range of properties 
accounted during wing design. The modern aircraft development industry went near to the limit 
of possible further improvements of the conventional airfoils in terms of its aerodynamic 
properties. In the future development engineers are trying to surpass the compromises of the 
conventional by using the active flow control techniques to reach the better aerodynamics 
performance in the full range of flight conditions.  
 Active flow control techniques include the big variety of different actuators and of course 
sensors, from which the data for the actuators is gained. The principle of the current techniques 
being developed will be described later in the Chapter 2.  
 Improved fuel efficiency and therefore operational range for modern commercial aircrafts, 
such as the Airbus A350XWB and the Boeing 787 Dreamliner, was the main objective during 
the development, because of its significant role in the future aircraft’s business success. As 
these aircrafts are being made lighter using the composite structures, the other way to achieve 
the better fuel performance is the use of the active flow control techniques, which are being 
developed now.  Such active flow control techniques include active control of transition, 
separation, noise and skin friction drag. The possibility to control these parameters can improve 
air travel safety, environmental compatibility, the noise reduction can increase the travel 
comfort and improve airplane efficiency. 
 As for the military airplanes, mainly fighter jets have a need to operate in the different 
flight conditions always providing excellent maneuverability and higher resistance to piloting 
errors. To improve the performance of such aircraft the active flow control techniques can be 
used. The much more amount of research and development has been made for military airplanes 
than for the commercial one. However, the mass integration of these techniques is still not 
present. 
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2. The usage of the active flow control sensors in current applications  
In this chapter, the applications of the known and common types of the Active Flow Control 
(AFC) sensors are introduced. All of the following applications are still highly experimental, 
so no presence of the commercial usage of AFC sensors has been registered until today. The 
vast part of the AFC research is done for the military purposes, including such programs as the 
F-111 MAW, F-16XL LFC, Boeing/NASA X-53 AAW and others. The main concerns of these 
programs are the improvement of maneuverability, speed increase and fuel efficiency 
improvement for aircraft longer range. However, the fuel efficiency is gaining on the 
importance for commercial aircrafts, too. Not only the engines efficiency can be improved, but 
also the aerodynamics of the aircraft can be enhanced with the use of the AFC. 
2.1. The Boeing EcoDemonstrators 
Commercial airplanes fuel efficiency improvement tests are currently held by the Boeing 
Company in cooperation with FAA, NASA and GE. For testing purposes, they are using 
numerous Boeing commercial jets, including the Boeing 757-300, 787 and 737 
EcoDemonstrators. The main interest for my review is in the 757-300 EcoDemonstrator, 
because of its use of the active flow control components with interesting placement – aircraft 
tail. NASA believes that use of the Active Flow Control Enhanced Vertical Tail (Figure 2.1) 
can provide better stability and directional control during takeoff and landing. Thirty-one 
sweeping jet actuators are installed on the tail. With the usage of these jets, it is believed that 
flow of the air over the vertical tail could provide enough side force during take-off and 
landing. If this will prove as true, then the vertical tail size could be reduced so weight and 
drag decreases and the fuel efficiency will improve. [23] 
 
Figure 2.1: The tail of Boeing 757-300 in the wind tunnel [F1]. 
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Ground studies by a team of NASA, Boeing, University of Arizona, and Caltech 
researchers on a full-scale 757 vertical tail in a wind tunnel at NASA's Ames Research Center 
showed the AFC jets could increase side force by 20 to 30%. The flight tests are expected to 
confirm those results. A 20% side force increase could allow designers to scale-down the 
vertical tail by about 17% and reduce fuel usage by as much as 0.5% [1], [23].  
 
 
Figure 2.2: The tail of Boeing 757-300 with active flow control installed [F2]. 
The left wing on the 757 EcoDemonstrator has been also modified to test Boeing-
proprietary technologies in support of future wing designs, including advances related to natural 
laminar flow. Specifically, a Krueger flap is being tested to see how well it can block insects 
from accumulating on the wing leading edge. As the previous designs induced a significant 
amount of drag, it was not commonly used; the newer design is variable-camber and is designed 
to retract as seamlessly as possible into the lower wing surface. That Krueger flap could provide 
added lift for the plane, being deployed during landing, coming down over the leading edge of 
the wing and protruding just ahead of the leading edge. During the testing, an IR camera 
attached to the top of the fuselage would monitor the airflow over the wing. Increasing the use 
of Natural Laminar Flow (NLF) on an aircraft wing has the potential to improve fuel burn by 
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as much as 15%, but even small contaminants from insect remains will trip the flow from 
laminar to turbulent, destroying the performance benefit [1], [23]. 
 
Figure 2.3: The Boeing 757-300 with variable-camber Krueger flap installed [F3]. 
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2.2. General Dynamics F-111 MAW program 
The advanced fighter technology integration F-111 (AFTI/F-111) aircraft was modified with a 
variable-sweep supercritical Mission Adaptive Wing (MAW). Several flight tests with this 
aircraft were conducted to evaluate this modification. The leading and trailing-edge variable-
camber surfaces of the MAW were deflected in flight, providing a near-ideal wing camber 
shape for the flight condition. The tested F-111 featured two-part continuous wing with flexible 
upper surfaces. Upper and lower surface wing pressure distributions were measured on the right 
wing along four streamwise rows. Parameters for cruise, maneuvering, and landing 
configurations have been obtained. Boundary-layer characteristics were measured near the 
trailing edge for one of the rows. 
The wing for a tactical fighter airplane is typically designed for a few optimum or near-
optimum flight conditions such as a specific Mach number, altitude and load-factor 
combination. However, the airplane must operate over a wide range of flight conditions. To 
investigate advanced wing designs, the National Aeronautics and Space Administration 
(NASA) and the United States Air Force (USAF) conducted a series of flight tests on an F-
111A airplane. The first flight test was the Transonic Aircraft Technology (TACT) program, 
which combined a supercritical airfoil with planform and twist changes to improve transonic 
cruise and maneuver performance relative to the conventional F-111 wing. The second flight 
test, which was the final research program conducted on the advanced fighter technology 
integration (AFTI)/F-111, was the mission adaptive wing (MAW) concept.  
For MAW, a supercritical wing configuration concept had been developed as that allowed 
variable and smooth camber changes throughout the flight envelope, providing additional 
aerodynamic performance at all previously mentioned flight conditions. Previous supercritical 
wing designs had mainly a fixed-geometry shape, which was a compromise for specific mission 
requirements. The MAW design goals were to minimize penalties for off-design flight 
conditions through the combination of the smooth variable skin and sweep. On the current 
fighter airplanes such as the F-16 and F-18, the variability of camber is achieved through 
discrete, predefined flap positions. Better performance could be achieved with use of camber 
with smooth variability. 
The MAW consists of leading- and trailing-edge variable-camber surfaces that can be 
deflected in flight providing the best camber shape for any flight condition. The wing surfaces 
are divided into two parts: flexible upper surfaces and fully enclosed lower surfaces, 
distinguishing them from conventional flaps which surfaces are discontinuous and feature 
exposed or semi-exposed mechanisms. The camber shape is controlled by either a manual or 
automatic flight control system. The wing and aircraft were instrumented to assess the 
aerodynamic performance of the MAW. Instrumentation for defining the wing characteristics 
included surface-pressure orifices, a boundary-layer rake, and a Flight Deflection Measurement 
System (FDMS). The measurements indicate that, compared to the basic F-111A and TACT 
designs, the AFTI/F-111 MAW aircraft has significantly improved aerodynamic characteristics 
[16].  
In the next chapters, I would like to describe the instrumentation used for the flight tests of 
the F-111 MAW aircraft. 
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2.2.1. The Wing-Pressure Orifices 
The pressure instrumentation needed for collecting the input data, was located on the right wing 
of the AFTI/F-111 airplane (Figure 2.4). 
 
Figure 2.4: The right wing of the instrumented F-111 MAW aircraft [F4]. 
This instrumentation included 152 flush-surface static pressure orifices located on the 
upper and lower surfaces in four chordwise rows aligned with the free-stream airflow at a 
leading-edge sweepback angle of 26°. Figure 2.4 shows the number of upper and lower orifices 
located at each semi-span station. Nine from ten pressure transducer boxes were located inside 
the flexible leading- and trailing-edge flap surfaces. That required connecting the leading- and 
trailing-edge surfaces with a flexible fluoro-silicon tubing (0.07 in. inside diameter). The 
orifices located on the surface of the wing box were connected by stainless steel tubing (0.12 
in. inside diameter). In most cases, the length of the pressure lines from the orifices to the 
transducers was not larger than 5 ft., to minimize pressure lag effects. Individual differential 
pressure transducers mounted in the 10 boxes were used to measure the differential pressure 
between the wing surface orifices and the reference pressure, measured by the temperature-
controlled variable-capacitance absolute pressure transducer (labeled reference transducer in 
Figure 2.4). 
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Figure 2.5: The F-111 MAW aircraft during the flight tests, right wing instrumentation [F5]. 
2.2.2. Boundary-Layer Rake instrumentation 
To measure the properties of boundary layer on the wing surface, 36-probe flow-direction 
boundary-layer rake was installed on the upper-wing surface. The leading edge of the center 
probes was at x/c ≅ 0.96, where x is the streamwise coordinate and c is the streamwise local 
chord for a wing sweep of 26°. Three impact pressures were measured at each probe height. 
During three flights, 31 orifice transducers on the upper surface, from rows η = 0.76 and 0.59 
and five spare wing transducers had been connected to the boundary-layer rake shown in 
Figure 2.6. The direction of local flow had been calculated using the data gathered from the 
two side probes (cut at 45°) [11], [16].  
 
Figure 2.6: The boundary-layer rake installed on the F-111 MAW aircraft [F6]. 
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Figure 2.7: The example of the boundary-layer rake installation, left wing [F7]. 
2.2.3. The Flight Deflection Measurement System (FDMS) 
The electro-optical MAW FDMS system was used to measure the deflection of the right wing. 
It consisted of a control unit, a receiver, a target driver, and 13 infrared Light Emitting Diode 
(LED) targets (Figure 2.8). The targets were mounted on the lower surface of the left-hand wing 
in the points of deflection measurement interest. The receiver was mounted behind a window 
panel on the left side of the fuselage below the wing. 
 
Figure 2.8: The FDMS instrumentation and targets on the lower surface of the left wing of   
F-111 MAW aircraft [F8]. 
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With this receiver location, all targets could be viewed for all settings of wing camber 
swept to 26°. The control unit commanded the target driver to shortly energize each target in 
order. Before each target was illuminated, the control unit initiated a sequence within the 
receiver that involved clearing its linear diode array, scanning the array to sample the 
background light signature, and scanning again with the target on. This process was necessary 
to compensate the background light effects automatically [11], [16].  
 
Figure 2.9: The F-111 MAW aircraft during the flight tests, left wing instrumentation [F9]. 
2.2.4. Conclusion 
In this research, the selected results’ data from the wing-surface and boundary-layer pressures 
and the FDMS for the AFTI/F-111 MAW aircraft flight program were presented, primarily for 
conditions near the wing design Mach number. The extensive data of wing-pressure and 
boundary-layer were measured for cruise, maneuvering, and landing wing cambers. The wing-
pressure orifices were aligned with the free-stream flow for a wing sweep of 26°. Wing-pressure 
data were also obtained at wing sweeps of 9°, 16°, 45°, and 56°. For these wing sweeps, the 
wing-pressure orifices were not aligned with the free-stream flow. The data provide a large 
research base for further analysis on smooth variable-camber airfoils. Measured wing 
coordinates are also given for three streamwise semispan locations for the cruise camber and 
one spanwise location for a maneuver camber. In these particular flight tests, it was shown that 
the combination of sensors could provide the extensive set of data for investigating the 
possibilities of MAW usage [11], [16]. 
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2.3. The General Dynamics F-16XL laminar flow experiments 
NASA’s interest in laminar flow rose in the 1970s with increased concern over petroleum prices 
and fuel efficiency and triggered a project using an F-111. The joint Dryden-Langley project 
added passive natural laminar gloves with supercritical airfoils to the aircraft’s variable sweep 
wings in the late 1970s and flight-tested them through a range of sweep angles.  The aircraft 
was designated the F- 111 TACT (Transonic Aircraft Technology) demonstrator and several 
years earlier was used to test supercritical airfoils on variable sweep wings in a program 
involving NASA and the United States Air Force. As the continuous development improved 
the knowledge about the use of the laminar flow on wings, researchers decided improve aircraft 
efficiency with the use of the LFC (Laminar Flow Control), which is the part of the active flow 
control methods. 
The goal of the LFC F-16XL research program was to achieve laminar flow at supersonic 
speeds over 50 to 60 percent of the chord (from the leading edge to the trailing edge) on the 
swept wing. 
 Numerous potential benefits of laminar flow over an aircraft’s wings such as the improved 
fuel economy and reduced aircraft weight could be included, achieving so the increased aircraft 
travel range. These benefits add up to improved economic conditions for those operating the 
aircraft, while also reducing the impact of exhaust emissions preventing the pollution of the 
upper atmosphere where a supersonic transport would normally operate. Other benefits 
stemming from a large high- speed transport incorporating laminar flow technology would be 
a reduced sonic boom signature at ground level due to weight reduction, and a reduction in 
airport takeoff noise levels.  
Active LFC must be used to achieve laminar flow across larger distances from the leading 
edge. The main means of achieving active LFC is to remove a portion of the turbulent boundary 
layer with a suction mechanism that uses porous material, slots in the wing, or tiny perforations 
in the wing skin. 
 Two F-16XL aircrafts used in the LFC study were modified to operate a suction system 
that pulled the turbulent boundary layer through a porous sheet of titanium that was the upper 
wing surface in the test area. It was a two-phase effort using each aircraft to explore both active 
and passive LFC wing gloves at subsonic and supersonic speeds. 
Both aircrafts were instrumented with a flight test nose boom to record total and static 
pressure, and angles of attack and sideslip.  Other measurements recorded during each research 
flight were total and static temperatures, acceleration, and the positions of each control surface. 
 Aircraft No. 1 was used in Phase 1 operations. The wing glove, designed and fabricated by 
Rockwell International, installed on the aircraft’s left wing, was a large passive area 
incorporating all of the inboard leading edge and about 50 percent of the cord. The smaller 
active glove section, covering less than half of the inboard 70-degree leading edge, used a 
titanium skin perforated with many thousands of tiny holes. The ducted suction system that 
pulled the turbulent boundary through the perforated skin was powered by an air conditioning 
turbocompressor from a Convair 990 that operated of bleed air from the XL’s engine. The 
suction unit was mounted inside the aircraft’s ammunition drum bay. 
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 Instrumentation installed on the active-passive glove included over 80 flush static pressure 
orifices, 30 hot-film sensors at locations that varied with each flight, and three skin temperature 
gauges. 
 Armed with successfully measured supersonic laminar flow data from flights with aircraft 
No.1, the LFC program could continue ahead with its Phase 2 to gain even more information 
about laminar flow behavior at various supersonic speeds. 
 Phase 2 was carried out in two parts. The first part was installation of a passive glove on 
the right wing of aircraft No. 2 to study detailed surface pressure distribution along the wing’s 
leading edge.  
 The second and final round of LFC program flights with aircraft No.2 was held after the 
installation of the active titanium glove on the aircraft’s left wing. The titanium panel, fabricated 
by Boeing, was 0.040 in. thick and had a perforation with more than 12 million laser-drilled 
holes. The titanium suction panel was blended into the existing wing contour with a carbon-
fiber fairing. The suction panel beneath the titanium skin was divided into regions or chambers. 
A system of flutes and valves controlled the rate of air drawn through the titanium skin panel 
in each region. Suction was provided by a modified Boeing 707 cabin-air pressurization 
turbocompressor mounted in the ammunition drum bay [27]. 
 
Figure 2.10: The F-16XL LFC aircraft, the left wing titanium glove [F10]. 
 Air data parameters were obtained using a flight test noseboom, designed to measure 
airspeed and flow angles. In addition to the angles of attack and sideslip measurements held by 
the dual flow-angle vanes, the total and static pressure data during the tests were provided by 
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the noseboom. All data gathered from the instrumentation were transmitted in real-time to the 
control center and recorded for later analysis [27]. 
 The accuracies of the flow-angle were ±0.3° and ±0.5° for the angles of attack and sideslip, 
respectively. The aircraft was also instrumented with additional sensors to measure total 
temperature, Euler angles, acceleration, and control-surface positions. The instrumentation in 
the wing glove included pressure orifices, thermocouples, microphones, mass flow sensors, and 
hot-film anemometers. I would like to describe some of the particular sensor instrumentation in 
the following paragraphs. 
2.3.1. Pressure Taps 
Both pressures (internal and surface) were measured during the experiment. Two hundred of 
the 454 surface pressure taps were located on the active suction panel, 113 of which were 
situated in the leading edge region. The remaining 254 surface pressure taps were located on 
the passive fairing, surrounding the suction panel. These taps were flush-mounted pressure 
orifices with an internal diameter of 0.0625 in. To monitor the pressure within the suction flutes 
72 internal pressure taps were used [27]. 
2.3.2. Mass Flow Sensors 
Twenty mass flow sensors were installed in the ducts near the suction-panel surface. These 
sensors, designed by Kurz Instruments Inc., were used to measure the suction flow rate in each 
region. The mass flow sensors had an accuracy of ±3 percent of the reading. Each sensor and 
region valve assembly used to correlate the valve position with mass flow was laboratory-
calibrated at NASA Langley [27]. 
2.3.3. Hot-Film Anemometers 
In this particular project, hot-film sensors with temperature-compensated anemometer systems 
were installed on and around the suction panel, including both upper and lower surfaces. These 
hot-film sensors have proved its reliability during the operation on high-performance aircrafts 
in several experiments held at NASA Dryden research center. 
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Figure 2.11: The F-16XL LFC titanium glove instrumentation with hot films [F11]. 
 Twenty-four of these sensors were mounted directly to the titanium glove surface on the 
edge of the active suction region situated on the wing upper surface. The amount of hot-film 
sensors installed on the active suction surface have been gradually increasing from 0 during the 
first 8 flights up to 31 for the final flights. The location of these hot films varied as different 
areas of the suction panel were investigated. The decision to mount hot-film sensors to the 
active suction surface caused some concern about residue blocking the suction-panel holes. To 
evade this, sensors were directly mounted onto the polyester tape instead of the wing surface. 
It has left no residue and was rated for high temperatures and dynamic pressures. Before this 
experiment the tape was tested for the use in such flow speeds and temperatures. Tests were 
performed both in flight and in the laboratory. Hot-film sensors placed near the lower surface’s 
leading edge were used to identify the span-wise extent of laminar flow at the attachment line. 
Even though the number of usable hot-film sensors on the lower surface was limited to 15, the 
location and number of these sensors varied between particular flight test phases. Originally, 
14 lower-surface hot-film sensors were used, the one of them was mounted to the carbon-fiber 
panel in front of the turbulence diverter. The other 13 were mounted directly to the titanium 
surface on the edge of the suction-panel regions. Figure 2.11 shows the 146 hot-film locations 
used in the course of flight tests. The number of hot-film anemometry cards available in the 
instrumentation system limited the amount of recorded data per flight to 50 preflight-
determined hot-film sensors [27]. 
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Figure 2.12: The F-16XL LFC aircraft during the flight tests [F12]. 
2.3.4. Conclusion 
The flight tests were ended with the laminar flow demonstration at a speed of Mach 2. The 
laminar flow occurred on over 46 percent of the wing’s chord, slightly less than the original 
objective, but this result is considered extremely impressive by program researchers and 
engineers. The performed flight tests proved the instrumentation choice was suitable for all 
measurements made.  
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2.4. Boeing/NASA X-53 AAW testing program 
NASA Dryden’s X-53 Active Aeroelastic Wing (AAW) is an experimental flight test project 
for aeroservoelastic control research. This test bed developed by NASA and the USAF was 
used to investigate the use of aeroelastic flexibility for improved performance of high aspect 
ratio wings. The benefits of AAW technology depend on specific applications. Data obtained 
from flight tests will provide benchmark design criteria that aircraft designers can use as 
guidance for a wide variety of future aircraft concepts. Applications range from high-
performance fighters to high-altitude/long-endurance remotely piloted and autonomous air 
vehicles, large transports, and high-speed/long-range aircraft. The conventional aircraft 
surfaces effectiveness, e.g., ailerons and trailing edge flaps, could be reduced at higher dynamic 
pressures due to the flexibility of the wing. Therefore, in case of sufficiently high dynamic 
pressures the control reversal could occur. The standard solution for the reduction of wing 
flexibility is to add structure to the wings. So the unwanted extra weight is added. The AAW 
Flight Research program objective was to test an alternative concept that uses wing flexibility 
to improve control effectiveness. The AAW concept has inner and outer flaps on the leading 
edge of the wings. Small movements of these flaps cause the wing to twist in the direction that 
increases the local angle of attack and induces a rolling moment on the aircraft. As to the 
opposite of the conventional ones, the effectiveness of the AAW flaps concept increases at 
higher dynamic pressures [18]. 
 
Figure 2.13: Boeing/NASA X-53 Active Aeroelastic Wing scheme [F13]. 
Modification of the F-18 produced a flight-test object that met the requirements of the 
AAW research and increased high-speed roll control power of the outboard leading-edge flaps 
by 30 percent while meeting demanded requirements for load, rate and safety. Development of 
the new outboard leading-edge-flap actuator resulted in use of four independent control surfaces 
per wing providing better performance in maneuvers and load control. The test bed’s dual flight 
control computers provided sufficient safety margins for high-speed flight testing [18]. 
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Figure 2.14: Boeing/NASA X-53 AAW instrumentation and parameters recorded [F14]. 
 The Flight Deflection Measurement System (FDMS) was mounted on top of the upper 
fuselage spine. Traditionally, flight-load measurement on aircraft structures has been done 
using metallic-resistance strain gauges, physically bonded along key elements of structural load 
paths. Structural members’ deformation (strain) caused by applied loads, produces an electrical 
resistance charge in the gauge that is proportional to the load. As an alternative to mechanical 
strain gauges, researchers at NASA Langley investigated an optical technique for remotely 
measuring the correlation between the macroscopic deflection of the aircraft structure and the 
corresponding flight loads. The AAW flight-test program provided an exclusive opportunity to 
demonstrate deflection-based load estimation using data obtained from the FDMS. Technicians 
installed 16 infrared Light Emitting Diodes (LEDs) on the upper surface of the airplane’s left 
wing to serve as targets for two receivers inside the FDMS fairing. 
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Figure 2.15: NASA X-53 FDMS instrumentation [F15]. 
 During first flight tests, researchers compared estimated loads based on deflection to 
measured loads based on strain. They found a strong correlation in regard to bending moment, 
and a slightly weaker torque correlation. There was also suggested that use of deflection-based 
measurement systems would reduce aircraft weight and test preparation time and be easier to 
install, improving aircraft performance and lowering operational costs. 
 During test runs, technicians instrumented the wing with 80 unsteady pressure transducers, 
26 strain gages, and 15 accelerometers to collect data on static pressures, torsion and bending 
loads, and hinge moments. An optical device called the Videogrammetric Model Deformation 
System measured deflection of the wing and control surfaces under aerodynamic load. 
 The instrumentation of the aircraft was capable to measure time-dependent aeroelastic 
wing twist, bending responses as well as associated strain fields caused by aerodynamic, control 
forces, and high-g maneuvers. Researchers also measured an aircraft maneuvering response in 
terms of roll, yaw, and pitch rates. Measurement of control inputs, surface deflections, flight 
loads, and control-surface frequency response provided additional data for simulation and 
modeling refinement. Phase 1 flight data also provided information for evaluating control-
surface roll control effectiveness and helping researchers understand under what conditions 
aileron reversal occurs. Understanding all of these data were critical to designers seeking to 
incorporate AAW technology into flight control systems for future aircraft [18]. 
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Figure 2.16: The Boeing/NASA X-53 AAW aircraft during the flight tests [F16]. 
2.4.1. Conclusion 
The benefits of AAW technology depend on specific applications. Data obtained from flight 
testing will provide benchmark design criteria that aircraft designers can use as guidance for a 
wide variety of future aircraft concepts. Applications range from high-performance fighters to 
high-altitude/long-endurance remotely piloted and autonomous air vehicles, large transports, 
and high-speed/long-range aircraft. 
 The AAW concept represents a revolutionary shift in aircraft design methods and is more 
multidisciplinary than conventional methods. With AAW, designers must take into the account 
interactions between flexibility effects, aerodynamics, controls, loads, and structure. The 
conventional approach to conceptual aircraft design constrains the design space to avoid effects 
such as static aeroelasticity (typically considered a disadvantage). 
 Under a new model incorporating AAW technology, designers are free to consider 
configurations outside the conventional design space where aeroelastic deformation provides a 
net advantage. 
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3. The overview of active flow control sensors 
In this chapter, several types of the sensors that can be used as the AFC data source will be 
introduced. Not only the basic description is provided, but also the measurement principles 
and important features with some sample designs are described. The pick from the range of 
AFC capable sensors here is divided into four major types, which are the fiber optics sensors, 
the hot-film and hot-wire based sensors, MEMS and pressure belts sensors. 
3.1. Fiber optics sensors 
Fiber optics based sensors are one of the commonly used type of pressure and strain sensors. 
We can divide the fiber optics sensors to the two groups: 
 The first group of sensors is used for sensing the parameters of the surfaces deflection, 
twisting and other mechanical influences on the structure of the wing.  
 The second one makes it possible to measure the pressure distribution.  
Both sensor types can provide the crucial data for the active flow controlling and could be 
installed simultaneously.  
 Component structures with the built-in sensors and actuators are required by the advanced 
aerospace systems. The intelligence of the sensors is also needed, so they can properly assess 
the environment and respond to its changes. For such structures new measurement capabilities 
are being developed. The optical interferometer is one of the best solution for such operating 
conditions. Enough measurement resolution and operation reliability is provided by this type 
of sensor. The combined computational and control capabilities, integrated to the smart 
structure have the capability to: 
 warn of performance limitations 
 monitor structural integrity 
 actively change its geometry and/or physical properties 
The controlling of vibration is particularly important for the active flow control concept. In 
addition, the damage prediction can be assessed by sensing of the modal frequencies with the 
fiber-optic sensor. The reason why the fiber optic sensors are attractive for the use as the sources 
for the flow control regulation are: 
 their small size – the possibility of measurement in the limited space 
 good sensitivity 
 sufficient harsh environment resilience – electromagnetic interference, corrosive gases 
and high operating temperature 
Also, the optical fiber data lines are nonobtrusive in and nonperturbative to the host structure. 
In addition, they can be compatible with composite structures as embedded or surface-mounted 
integral devices. Both the pressure sensing membrane and the optical fiber can be made out of 
one single material, typically silica or sapphire. The monolithic nature minimizes the influence 
of the critical thermal stresses at elevated temperatures. 
 Mainly three technologies are today commercially available for the fiber-optics based 
pressure measurement. These three types of the sensing principle are: 
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 the intensity-based fiber-optic sensors 
 Fiber Bragg Grating (FBG) pressure sensors 
 Fabry-Pérot pressure sensors 
In the next chapters, the particular properties and operational principle of each of the sensors 
will be described [6], [26]. 
3.1.1. Intensity-based pressure sensors 
The operation principle of such sensors is quite simple. It will be described here on the example 
of the pressure-sensing fiber design.  
 The light is emitted by multimode optical fiber tip, and then collected by the other fiber tip 
after being reflected on a diaphragm deflected with pressure. The collected light intensity is 
dependent on the position and core diameter of the optical fibers, as well as on their numerical 
aperture. The light intensity is also directly related to the separation distance between the fiber 
ends and the reflecting diagram. It makes possible to use such type of sensor, for direct pressure 
management. The light intensity increases rapidly from zero, when the diaphragm is in contact 
with the fiber-ends plane. When the position of the diaphragm matches the position where the 
solid angles of numerical aperture of both fibers overlap the most, the light intensity reaches 
the maximum. As the diaphragm plane moves further away, less light can be collected and the 
light intensity is decreasing slowly back to zero. With the use of such technique, the unique 
pressure could be evaluated, after the proper calibration of the sensor. 
 The biggest challenge is to design the flexible membrane and its encapsulation. As this is 
often the critical point in the sensors design, it is not easy to produce reliable sensors with this 
technology. If sensor operates in harsh environment such as combustion engine chambers, 
where direct pressure measurement could help to improve the energetic yield by better 
sparkplug ignition timing capacity, the chance of the reliable operation is even smaller. In such 
environment sensor is subjected to pressures up to 4400 psi, with instantaneous gas temperature 
of about 1500°C and continuous temperature up to 300°C. For the operation in such 
environment, the long-term reliability is becoming the real issue. However the main issue of 
application of such sensors is the price, which can be reduced by widening the usage of such 
sensors in all industries, including aerospace and automotive ones [24]. 
3.1.2. Fiber Bragg grating pressure sensors 
In recent years, a lot of research has been done on Fiber Bragg Grating (FBG) sensors. The 
main concern of these researches was the pressure management. As the FBG sensor intrinsic 
pressure sensitivity is lower, the amplification of indirect pressure measurement is needed. The 
principle of indirect measurement is in the sensing of fiber strain. As the FBG is a periodic 
microstructure that acts as a wavelength selective mirror, the light injected to the fiber from the 
broadband source will be back-reflected by the grating. The non-reflected part of the light will 
continue its way to the next Bragg grating without losses, making it possible to use only one 
source of the optical sensor for multiply FBG sensors. As the FBG is stretched and compressed, 
it starts to act as a strain sensor. The optical fiber deformation can lead to the alteration of 
microstructure period, so changing the reflected Bragg wavelength. Then comparing two 
reflected waves, from non-deformed and deformed fiber, the strain is estimated. 
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Figure 3.1: Schematics of the FBG, which is the part of the strain sensor produced by the 
LUNA Inc. [F17]. 
 Two approaches to the production of the FBG sensors are commonly used. In the first 
approach, the FBG fiber is attached to a flexible diaphragm either orthogonally or in the 
diaphragm plane in areas with the maximal strain. The disadvantage of both orientations is the 
need of bulky sensors often limited to high-pressure ranges. However, this type of disadvantage 
is not the issue for the primary applications of such sensors, such as civil engineering connected 
oil and gas industry designs. In other different approach, the FBG sensor is mounted in 
cylindrical assemblies to increase the pressure sensitivity. Better sensitivity is achieved through 
use of the mechanical amplification schemes. To achieve much smaller outer sensor diameters 
than in the first approach (typically less than 0.04 in.), the compromise between size and 
sensitivity should be done. As the length of the FBG is usually about 0.2 to 0.4 in. range, 
encapsulated sensors are not very suitable for usage as the point-pressure sensors in small 
regions, such as wing surface pressure measurements. The main difficulty related with the usage 
of FBG sensing to measure pressure, is that sensing grating is about equally sensitive to strain 
than to temperature. Therefore, the indirect pressure measurement can be proceeded with the 
use of commercially available fiber strain sensor [26]. 
3.1.3. Fabry-Pérot pressure sensors 
Fabry-Pérot technology is the best compromise offering at affordable price a great flexibility in 
terms of pressure ranges, high sensitivity and miniature size suitable for most applications 
including the installation for aerodynamic and aeroelastic properties measurement.  
 
Figure 3.2: Schematics of the Fabry-Pérot optical interferometer [F18]. 
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 The Fabry-Pérot technology is basically the optical interferometry.  The heart of the Fabry–
Pérot interferometer is a pair of partially reflective glass optical flats spaced micrometers to 
centimeters apart. This space is called the Fabry-Pérot cavity. There are the reflective surfaces 
facing each other on the both sides of the fiber. Assuming reflections from the fiber end face 
and diaphragm are low, typically less than 10%, the Fabry–Pérot sensor can be approximated 
to a two-beam interferometer in reflection. As this pressure-related deflection of a pressure 
sensitive diaphragm at the tip of an optical fiber is detected, it will lead to a change in the length 
of the Fabry–Pérot cavity formed between the thin film diaphragm and the end of the optical 
fiber. As a result, the interference between light, which is reflected directly at the fiber end and 
at diaphragm side of the Fabry–Pérot cavity, will be altered [14]. 
 
Figure 3.3: Schematics of the Fabry-Pérot optical interferometry based pressure sensor [F19]. 
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3.2. Hot-film and Hot-wire based sensors 
The fabrication and packaging of conventional hot-wire/film flow sensor are delicate which 
often do not guarantee right practical performances. Another difficult challenge is to form a 
large sensors array to measure the distribution of flow. Although in recent years, many 
researchers have applied micromachining to produce micro sensors and array for measuring 
flow vector. The silicon or polyamide substrate was used. However most processes are still 
complex, time consuming and expensive.  The novel methodology for fabricating micro hot-
wire/film flow sensors directly on a flexible Printed Circuit Board (PCB), which serves not only 
as the substrate of the sensor array, but as well as the body of the signal conditional circuit, is 
described. If compared with previous technologies, the advantages of this method include the 
lower cost, easy fabrication and packaging, possibility of integrating sensors with processing 
circuits, providing good mechanical properties of the sensor.  
3.2.1. Hot-film based sensors operation principle 
The measurement of thermal flow relies on the convective heat transfer detection. This heat 
transfer process works between an electrically heated resistive sensing element (i.e. hot-film) 
and surrounding fluid flow. Under a constant bias power, the thermal element assumes a steady-
state temperature, which means the heat transfer system reaches equilibrium. The convective 
cooling can be experienced by the thermal element if the external flow passes by. Therefore, 
the temperature of the thermal element decreases, and the element resistance change occurs. It 
provides the information on the flow that governs the cooling rate. As a result, the resistance of 
the sensor is the key parameters for detecting the flow velocity. A resistance measurement can 
be implemented by using a Wheatstone bridge circuit [3]. 
 
Figure 3.4: Schematics of the Bosch produced hot-film mass air flow sensor [F20]. 
 The results can also indicate, how the overheat ratio affects the sensitivity of sensor. The 
higher overheat ratio is, higher sensitivity is implied. However overheating is leading to larger 
power consumption. The balance between sensitivity and power consumption should be found 
in case of MAV and UAV application, where the power consumption is as crucial as the sensor 
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sensitivity. The sensor response time was roughly tested by manually rapidly exerting a wind 
flow on the sensor. The time response of the tested sensor is about tens to hundreds of 
millisecond corresponding to the airflow speed from 3 to 15 m/s [3]. 
3.2.2. Hot-wire based sensors operation principle 
The working principle of hot-wire is based on usage of a thin sensing element, with a diameter 
of several micrometers, which is heated up electrically above the ambient. The popular material 
choice for the heated wires is tungsten. The heat from sensing element is removed by the 
flowing air with the process called heat convection. Through the utilization of electrical 
resistance dependence on the temperature of the sensing material, a relationship between the 
resistance of the sensing element and the flow speed is obtained. In order to perform well in 
turbulent flows, the sensing element has to keep a nearly uniform temperature distribution in 
its central region balanced by the heat conduction to heat convection ratio. The heat conduction 
is provided by the electrical current from the anemometer, then the heat is carried away by the 
flow. Therefore, a sensing element has to maintain certain geometric ratio. Over the years, it 
has become a golden rule that for a conventional hot-wire the wire length to diameter ratio 
should be above 200. Because of the strength requirement and difficulty of handling the wire, 
hot-wire of 0.04 mil diameter is the smallest that can be used and based on the golden rule, the 
hot-wire length for measurements cannot be too short. This size limitation adds severe 
constraints on the spatial resolution of the multi-hot-wire probes [6], [12], [26]. 
 The finite thermal inertia and the frequency-dependent conductive heat transfer into the 
supporting structure (the connection leads and/or the substrate underneath the sensing element) 
are the main difficulties associated with realization of micromachined thermal-anemometer 
sensors. The reduction of spatial sensitivity and slower dynamic response could be the result of 
such thermal processes. To overcome these possible issues materials with improved thermal 
isolation properties and dynamic feedback guard-heating elements are implemented in 
micromachined sensors. [22]. 
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3.3. Micro Electro Mechanical Sensors (MEMS) 
A MEMS manufactured sensor array employing thermal anemometry can locally detect the 
state of flow. Its specific design is optimized to detect areas of flow reversal, it can, however, 
be used in many kinds of flow-sensing applications [9]. 
 The attractiveness of MEMS based flow sensors features smaller power consumption, 
small size and the batch fabrication process leading to the lower cost of sensor. During the 
development of the MEMS flow sensors, two principles have been applied. The first one, the 
mechanical principle uses piezoelectric, piezoresistive and magnetic mechanisms to convert 
flow-caused deformation or strain to an electric signal. Measurements of thermal flow are 
utilizing the temperature or resistance change of the detecting element. These changes are 
caused by the heat exchange between the flowing fluid and element of the sensor. The most 
common used types of thermal flow sensors are the hot-wire and hot-film anemometers. Theirs 
main advantage is the simple structure and easy implementation. The integration of multiply 
sensors in one MEMS chip is needed to detect both speed and the direction of the flow. Some 
MEMS thin-film anemometer designs accommodating integrated thermal sensors, protecting 
cylinders and channels were recently released. However, the evaluated sensitivity and accuracy 
was limited, e.g., with a speed lower bound of 0.5 m/s and direction accuracy of 5 degree [17].  
3.3.1. MEMS pressure sensors operation principle 
When the uniform pressure is applied to a silicon micro diaphragm, deflection occurs and the 
internal strain of the diaphragm changes. Silicon is a piezoresistive material such that its 
resistance changes when the internal strain varies. Pressure can be measured only by resistance 
change monitoring, if the pressure sensing resistors are designed to be placed on top of the thin 
diaphragm. A Wheatstone bridge type circuitry, measuring the difference between electrical 
resistances can be used to give voltage outputs for pressure measurement. Sensing resistors are 
placed both outside and inside the diaphragm. Two placed outside are used as the reference 
resistors and two inside as the measuring resistors [20]. Comparing results between the 
reference and measuring resistance the pressure can be measured.  
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Figure 3.5: Wheatstone Bridge Circuit schematics [F21]. 
3.3.2. MEMS wall double hot-wire sensor 
The temporal and spatial distribution of wall shear stress and its fluctuations can characterize 
the state of complex wall-bound flows. Such information is very important and can be utilized 
for the drag effect reduction, through the active control of wall-bound flows on the airplanes. 
[10].  
 The measurement of flow direction and shear stress including fluctuations can be provided 
by the MEMS wall hot-wire sensor in which two hot-wires over one air-filled cavity are 
installed. The shear stress measurement however would not be described in this chapter. The 
Figure x depicts a three-dimensional cut schematic view of such sensor. The top view of a 
successfully fabricated MEMS double hot-wire sensor is shown on the next Figure x. As the 
substrate for the hot-wire sensor the polyimide foil substrate of 125 micrometers was used. The 
basic setup features hot-wires spanning an air-filled cavity in a polyimide substrate. This basic 
setup is similar to that was developed for the single wire structure. For the detection of the flow 
direction using the MEMS wall double hot-wire sensor, temperature mode of both wires should 
be constant, so these wires are heated to the same operating temperature. Denoting properties 
of the wire and fluid, respectively, the voltage drop over a hot-wire is proportional to the square 
root of the difference of hot-wire temperature and ambient fluid temperature. However when 
the measurements are taken in still air, same voltage will be obtained from two adjacent wires. 
The same would happen of the velocity component parallel to the surface is zero [9], [10].  
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Figure 3.6: Three-dimensional cut schematic view of MEMS wall double hot-wire sensors 
[F22]. 
 However if the velocity component parallel to the surface is not zero, the air moving to the 
downstream wire will be heated by the upstream wire. Then the hot-wire temperature difference 
will be reduced, so the measured wire voltage will be lower. In this case, the difference between 
the voltages drop over upstream and downstream will be positive. If the flow will be reversed, 
the voltage drop difference will be negative. This method of flow direction detection makes use 
of a phenomenon called thermal cross talk, which in arrays of single hot-wire sensors can cause 
incorrect wall shear-stress measurements. Using the double wall hot-wires this undesirable 
effect can be minimized. The detrimental effect of thermal cross talk does not occur as the 
signals from hot wires are used separately for each measurement. The upstream, uninfluenced 
hot-wire signal is used for determination of the magnitude of wall shear stress. The signal of 
the downstream hot-wire only provides the additional information for the flow measurements 
[9]. 
Figure 3.7: Top view of MEMS wall double hot-wire [F23]. 
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3.4. MEMS multisensory belts / Pressure belt sensors 
The current technology used in flight loads testing utilizes an extensive network of thin plastic 
tubes. These thin plastic tubes are routed to remotely located pressure detectors using a 
pneumatic control system. The main disadvantages of such system are the lacking of accuracy, 
high latency and expensive operation, therefore it cannot be used for the Active Flight Control 
applications. One of the possible solutions is the usage of the pressure belts for the flight 
parameters evaluation. These pressure belt sensors are basically the belt made of some flexible 
material with the multiply MEMS sensors installed or attached [4], [25]. 
3.4.1. The TBIM pressure belt design  
One of the possibilities to measure pressure using smaller sensors is the Transducer to Bus 
Interface Module (TBIM) pressure belt. The baseline design of such pressure belt could 
accommodate up to 127 TBIMs on a single Network Capable Application Processor (NCAP). 
Amount of TBIMs used in any applications could be defined by the function of the bus clock, 
sampling frequency, the number of measurements taken per unit time, and the number of data 
channels used. These parameters are adjustable depending on the current need.  One wing would 
typically accommodate from 10 to 20 NCAPs for a typical loads survey. 
 
Figure 3.8: Endevco 8515C piezoresistive pressure transducer [F24]. 
 The modified version of the Endevco 8515 pressure transducer was used as the MEMS 
sensor. The sensor is divided into two pieces. While one piece has an etched Si membrane 
sensing the pressure the second piece of Si to which the diaphragm-bearing piece was attached. 
The sensing of pressure was achieved a fully active Wheatstone bridge of doped Si resistors by 
ion implantation formed on the backside of the diaphragm. The Si is piezoresistive, so the 
transducer strain-sensing element was formed from these resistors. The two pieces of Si are 
then joined together in a glass sealed hermetic fashion. The sealing is done in high vacuum, so 
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that the sealed vacuum cavity is used as an absolute pressure reference. A schematic drawing 
of the sensor is shown in Figure 3.9. 
 
Figure 3.9: Schematic representation of the designed MEMS pressure sensor [F25]. 
 The Multichip Module Packaging (MCM) is used to integrate all the functions of the TBIM 
on a Si substrate. It is attached then to the polyamide tape at intervals, forming the pressure belt.  
Two important requirements made us choose the Si MCMs: 
 The pressure belt total thickness should less than 0.1 in. in height, measuring from the 
skin of the airplane to the top of the belt.  
 The full-scale accuracy of 0.1% of measured pressure range, through all temperature 
application range should be maintained.  
 The thermal expansion coefficient of the MEMS device is matched by the Si MCM based 
stiff substrate. Therefore, it also allowed packing the bare chip packaging and the formation of 
embedded passive components (resistors, capacitors and inductors) with high density. 
3.4.2. Flight tests performed to get the data for proofing the concept and future 
development 
For the flight test of the prototype belt the 757-300 airplane was chosen, during it had been 
tested for performance of the landing gear. The location of the attached pressure belt was close 
to the landing gear to allow the easy reach to the electrical and pneumatic interconnections.  
The side-by-side installation of the pressure belt and pressure tube was used. The pressure tube 
imitated the conventional system used for flight load surveys. As the reference pressure sensor, 
the Honeywell Precision Pressure Transducer (PPT) system was installed, which has the 
declared accuracy of 0.1 % of the measured pressure range. The main difference and advantage 
of the pressure belt system is the absence of the long skinny tubes (as long as 20-30 ft.), which 
are required to route the pressure signal. Instead of that, the electrical signal with nearly zero 
latency from pressure belts to the operational unit. 
 For the next flight-testing phase, the 737 BBJ aircraft was used. The test evaluating the 
performance of the winglets at the end of the conventional wings were performed on this 
aircraft. Prototypes of the MCMs were installed on the front slates of the airplane. The MEMS 
modules’ operation was evaluated as perfect, through all load survey with different flight 
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conditions. With the usage of Computational Fluid Dynamics (CFD), the local speed along the 
slat cord of the BBJ wing during cruise conditions was calculated. At the sensors placement 
location at x/c = 0.35, the local speed was supersonic and exceeded Mach 1.3. The higher Mach-
number test results were important for the preparation of the pressure belt design evaluation on 
the supersonic military aircraft. 
 To demonstrate the sensor performance on a military airplane, the McDonnell Douglas 
F/A-18E3 fighter undergoing flight tests was chosen. The airplane pylon location, the pressure 
belt was attached provided easy access to the instrumentation bay. The fighter completed 
numerous flight tests in over two months’ time. The strong correlation between the pressure 
belt and the reference commercially available sensor Endevco 8515C-15 measurements was 
found during the variety of flight tests [4], [25]. 
3.4.3. Conclusion 
The concept of the MEMS multisensory belt was introduced and demonstrated throughout the 
testing program, which was taking part both in the laboratory and in the field. Such type of 
system is very versatile, with the possibility of installation of different sensors including 
pressure sensors, strain gauges, accelerometers and variable capacitance sensors. If the large 
number of sensors are needed to be deployed the multisensory belt can be customized, while 
keeping the minimum number of interconnections [21], [25].  
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4. Conclusion 
In the present bachelor thesis, the range of the Active Flow Control sensors have been reviewed. 
The review have been done within two stages, the description of the current usage of AFC 
sensors through the research and development was provided in the first part of the work 
(Chapter 2) and the overview of the currently researched sensors, including description of its 
operation principles have been included to the second part (Chapter 3). 
 Although the vast part of the reviewed sensors never leaved the laboratory conditions, still 
the mainframe operating requirements for the AFC sensors have been developed. Some of these 
requirements are introduced here. 
 The first requirement for the AFC sensor is its size that should be much smaller than the 
size of the conventional sensors installed on the aircrafts nowadays. The reason for such 
requirement is the need of extensive instrumentation to deliver the relevant data to the AFC 
actuators, so the size and the weight of sensors should be as small as possible to prevent sensors’ 
interference into the flight performance. 
 The second requirement is ability to provide precise data feedback, to the AFC actuators. 
As the conventional sensors have big latency and are often imprecise, they cannot provide 
sufficient data measured in highly changeable flow and pressure environment, crucial to utilize 
the AFC principles. Therefore, the electronic based sensors such as MEMS pressure belts and 
flow sensors should be used. They have a significantly lower latency and are much more 
precise. 
 The third requirement is to provide precise measurements even in very harsh flight 
conditions. Such harsh conditions include low temperatures, precipitation and high heat 
influences. Only some of the sensors have been tested in the real flight conditions until now. 
Some of such tests are mentioned in the Chapter 2 of this thesis. As the reliability of the 
instrumentation is delivering the biggest amount of problems, the development of reliable and 
durable sensor, which should also consider the economical aspect of the future applications, is 
very challenging goal for the researchers. 
Development of the sensor capable to meet those three requirements simultaneously, is still 
really challenging and the price of such sensors is still the issue. In the future, more sensor 
designs are expected, however the basic operation principle of such designs will be not much 
different from the principles reviewed in this thesis. 
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